When the type strains and other strains of the six currently defined species of the genus Ectothiorhodospira were examined by DNA-DNA reassociation and RFLP of 16S/23S rDNA (ribotype), only four genospecies could be found. The possibility of defining taxonomically meaningful species corresponding to these four genospecies was investigated by combining DNA relatedness and ribotype data with other genotypic and phenotypic characters already described in the literature, an approach known as polyphasic taxonomy. Following this comparison, the type strain and another strain of Ectothiorhodospira vacuolata were found to be very similar to the type strain of Ectothiorhodospira shaposhnikovii and have been transferred to this latter species. Also, the type strain of Ectothiorhodospira marismortui and another previously unidentified strain were found to be very similar to the type strain of Ectothiorhodospira mobilis and have been transferred to this latter species. Due to the limited degree of reciprocal DNA relatedness, strains belonging either to Ectothiorhodospira marina or to Ectothiorhodospira haloalkaliphila are still considered as belonging to separate species, even though they show a remarkable phenotypic similarity. This revision has led to the delineation of only four species in the genus Ectothiorhodospira, namely E. mobilis, E. shaposhnikovii, E. marina and E. haloalkaliphila. E. vacuolata is recognized as a junior synonym of E. shaposhnikovii and E. marismortui as a junior synonym of E. mobilis.
INTRODUCTION
The anoxygenic purple phototrophic bacteria belonging to the family Ectothiorhodospiraceae have been the subject of several taxonomic studies. Initially (Pelsh, 1937 ; Raymond & Sistrom, 1969 ; Tru$ per, 1968) , these bacteria were recognized as members of a single genus, Ectothiorhodospira, belonging to the family Chromatiaceae (anoxygenic purple sulfur bacteria). Later, on the basis of 16S rRNA analysis and phenotypic properties, the family Ectothiorhodospiraceae was described for the genus (Imhoff, 1984a) . Strains of the Ectothiorhodospiraceae produce external globules of elemental sulfur during photosynthetic sulfide oxidation, live in saline environments at alkaline pH and possess stacks of intracytoplasmic membranes (Imhoff, 1989) . Recently, two distinct genera, Ectothiorhodospira and Halorhodospira, have been described in this family on the basis of phylogenetic evidence gathered from 16S rDNA sequence analysis and coherent physiological properties (Imhoff & Su$ ling, 1996) . Less halophilic species belong to the genus Ectothiorhodospira, while highly halophilic species have been assigned to the genus Halorhodospira. At the same time, a few misclassified strains were assigned to two new species of Ectothiorhodospira. At this time, no further investigations have been carried out on the interspecific relationships in either genera of the family Ectothiorhodospiraceae, even if rDNA sequence analysis showed the existence of clusters of tightly related species.
Since rDNA sequence analysis lacks the necessary resolution for the determination of taxonomic relationships between highly related micro-organisms, as repeatedly stated (Fox et al., 1992 ; Stackebrandt & Goebel, 1994 ; Clayton et al., 1995) , these latter relationships should be investigated at the genome 01140 # 2000 IUMS S. Ventura and others level by the application of a more discriminating approach like DNA-DNA hybridization (Stackebrandt & Goebel, 1994 ; Stackebrandt & Liesack, 1993) . After extensive application to diverse bacterial groups and comparison with phenotypic characters, a lower limit of 70 % DNA relatedness has been indicated for strains belonging to the same species (Wayne et al., 1987) , but a stable and reliable delineation of bacterial species should be obtained through a combination of genotypic and phenotypic properties, an approach known as polyphasic taxonomy (Murray et al., 1990 ; Vandamme et al., 1996) . In the family Ectothiorhodospiraceae, DNA-DNA hybridization data were incomplete and limited to only four type strains (Ivanova et al., 1985) ; actually this experimental approach had never been applied to the delineation of species of this family. Therefore, DNA-DNA hybridization experiments have been performed on strains belonging to the genus Ectothiorhodospira, including all type strains of the species of this genus. Ribotype, another source of genotypic information, has been added to accumulate evidence for the detection of genotypic coherency at the species level. Following collection of this data, a revision of the species of the genus Ectothiorhodospira has been proposed by comparing all genotypic and phenotypic data currently available.
METHODS
Bacterial strains and growth conditions. Strains of the family Ectothiorhodospiraceae included in this study are listed in Table 1 . Ectothiorhodospira mobilis DSM 237 T , Ectothiorhodospira marina DSM 241 T and Ectothiorhodospira marismortui EG-1 T were cultivated in a modified Pfennig's medium for purple sulfur bacteria (Malik, 1991) , adjusting the salinity to the values indicated in Table 1 by using NaCl. Strains of Ectothiorhodospira vacuolata were cultivated in original medium (Imhoff et al., 1981) . The remaining strains of Ectothiorhodospira species and all strains of Halorhodospira species were cultivated in the medium originally designed for Halorhodospira halochloris (Imhoff & Tru$ per, 1977) , adjusting the salinity to the values indicated in Table  1 by using NaCl\Na # CO $ \Na # SO % at a constant ratio 8 : 1 : 1. All strains were grown anaerobically in the light at 2000-3000 lux and cells were harvested in the late exponential phase.
DNA extraction and purification. High-molecular-mass DNA was extracted from cell pellets with phenol\ chloroform and contaminating polysaccharides were removed with cetyltrimethylammonium bromide (CTAB) precipitation according to Ventura et al. (1993) .
DNA-DNA hybridization. DNA-DNA hybridization was performed following the filter hybridization method of Hernandez et al. (1991) with some modifications (Surico et al., 1996) . DNA stock solutions were prepared in 0n4 M NaOH, 10 mM EDTA, pH 8, adjusting the concentration to 20 µg ml − ". Samples for slot blots were prepared by diluting 25 µl aliquots of stock solutions in 475 µl of the same buffer. Three to six replicates of each DNA were denatured at 95-100 mC for 10 min, rapidly cooled on ice and vacuumblotted onto Zeta-Probe nylon membrane using the Bio-Dot SF apparatus (Bio-Rad). Blots were washed twice with 500 µl 0n4 M NaOH and then the membrane was dried at 80 mC for 30 min. Prehybridization, hybridization and washes were carried out inside the glass tubes of a hybridization oven (HB-2D Hybridizer ; Techne) ; the formamide protocol of the Zeta-Probe membrane instruction manual was used. The hybridization probes, consisting of genomic DNA, were labelled and detected with the digoxigenin labelling and detection kit (Boehringer Mannheim) following the instructions of the supplier. The probe was added to the hybridization solution at a final concentration of 0n2 µg ml − ". Hybridization under optimal conditions was performed at 47 mC. When a confirmation of phylogenetic relatedness was needed (Wayne et al., 1987) , hybridization under stringent conditions was performed at 54 mC, as an alternative to ∆T m determination (Stackebrandt & Liesack, 1993 ; Surico et al., 1996) . The mean absorbance of slot blots of each strain was obtained after scanning hybridized membranes with an LKB Ultroscan II laser densitometer. DNA reassociation was measured as the relative percentage of heterologous hybridization compared to homologous hybridization (100 %).
Ribotype. Ribotypes were performed according to Grimont et al. (1989) . Aliquots of DNA (5 µg) were digested overnight with 4 U restriction endonuclease (µg DNA) − " following the instructions of the supplier. DNA fragments were separated by 0n8% (w\v) agarose gel electrophoresis in 1i Tris\borate buffer at 2 V cm − " for 16 h (Grimont et al., 1989) . Following electrophoresis, DNA fragments in the gel were depurinated for 30 min in 0n25 M HCl, denatured for 30 min in 0n5 M NaOH, 1n5 M NaCl, neutralized for 1 h in 0n5 M Tris\HCl, pH 7n5, 0n5 M NaCl and then transferred under low vacuum (Vacuum Blotter ; Bio-Rad) to Hybond-N nylon membrane (Amersham) using 10iSSC as transfer solution (1iSSC is 0n15 M sodium chloride, 0n015 M sodium citrate). After completion of transfer, the membrane was air-dried and baked for 2 h at 80 mC. Prehybridization, hybridization and washes were carried out, according to the acetylaminofluorene rRNA kit technical handbook (Eurogentec), inside the glass tubes of a hybridization oven (HB-2D Hybridizer ; Techne). Hybridization was performed at 58 mC for 16 h. Acetylaminofluorene-labelled 16S\23S rRNA from Escherichia coli (Eurogentec) was used as hybridization probe. The immunoenzymic detection of hybridized fragments was performed with the acetylaminofluorene rRNA kit (Eurogentec). Hybridization profile images were captured as TIFF format files with a CCD camera (UVItec Gel Documentation System). Rescaling and normalization of electrophoretic band profiles, band detection, restriction profile comparison and clustering were performed with GelCompar 4.0 software (Applied Math) as described by Heyndrickx et al. (1996) . The normalized profiles obtained with each of the five restriction endonucleases employed were assembled in the order given in Fig. 1 , obtaining a single combined band pattern for each strain. Combined band patterns were subjected to pairwise comparison with the Dice similarity coefficient (S D ) and cluster analysis with UPGMA (Sneath & Sokal, 1973) .
RESULTS

DNA-DNA reassociation
Results of DNA-DNA hybridization experiments, performed under optimal (47 mC) or stringent (54 mC) conditions among strains of the family Ectothio- the simultaneous examination of 19-32 restriction sites. The application of the UPGMA clustering algorithm to the S D value matrix obtained from pairwise comparison of composite patterns gave the dendrogram reported in Fig. 1 . This showed the existence of groups of correlated or identical profiles. A cluster with an overall similarity of 63 % contained two identical profiles belonging to strains of E. mobilis DSM 237 T and DSM 240 joined to the two very similar profiles of E. marismortui EG-1 T and Ectothiorhodospira sp. EST8. E. vacuolata DSM 2111 T and B3 had identical profiles that clustered at 58 % similarity with the profile of E. shaposhnikovii DSM 243 T .
Profiles of E. marina DSM 241 T and E. haloalkaliphila BN 9903 T were more loosely related at 50 % similarity.
DISCUSSION
DNA reassociation has been considered to be the nearest approximation of the complete genome sequence that is practically applicable to the definition of the bacterial species in phylogenetic terms (Wayne et al., 1987) . Even if there is no absolute definition of any taxonomic rank in any branch of biology, on the basis of the high degree of correlation between DNA relatedness and other genotypic and phenotypic characters that was found in numerous studies, a threshold of 70 % DNA-DNA relatedness among strains belonging to the same bacterial species has been indicated. This historical recommendation has not yet been updated by the discovery of other more specific quantitative approaches and is still applied when related bacterial strains have to be subdivided into different species (Stackebrandt & Goebel, 1994) . For this reason we measured total DNA hybridization among a larger number of strains of the family Ectothiorhodospiraceae than previously done (Ivanova et al., 1985) . A second reason that underpins the present study is the incomplete comparison of proposed new species and of their type strains with the type strains of described species. Following a more rigorous taxonomic practice, we included all type strains of the species of Ectothiorhodospira in the experimental approach described in this work and critically reviewed the pertinent literature, discriminating the taxonomic statements which were based on comparisons with type strains from those that were not. As shown in Table 2 , very low DNA-DNA hybridization values clearly set apart strains belonging to the genus Halorhodospira from strains belonging to the genus Ectothiorhodospira, confirming the phylo- genetic divergence of the two groups of anoxygenic phototrophic bacteria shaping the family Ectothiorhodospiraceae. Even if strains of the genus Halorhodospira had been included in this study only for outgroup reference purposes, it is evident that the three strains of H. halophila examined formed a coherent genospecies, well separated from strains belonging to the other highly halophilic species H. halochloris and H. abdelmalekii. However, a detailed investigation of the taxonomy of the species of Halorhodospira is beyond the scope of this report and will deserve a new specific study.
From the results of DNA-DNA hybridization experiments reported in Table 2 , including all the type strains of the six Ectothiorhodospira species presently described, four genospecies of Ectothiorhodospira were detected by the application of a 70 % DNA relatedness lower limit for strains belonging to the same species.
Strains of E. vacuolata and E. shaposhnikovii DSM 243 T make up a single genospecies ; E. mobilis DSM 237 T , E. marismortui EG-1 T and strain EST8 form another genospecies ; while the type strains of the remaining two species of Ectothiorhodospira, E. marina DSM 241 T and E. haloalkaliphila BN 9903 T , constitute the other two genospecies. There is thus an indication that only four out of the six species presently described could be delineated in the genus Ectothiorhodospira on the basis of DNA relatedness measurements on the type strains and on other available strains.
Since a taxonomic study should be always performed with a combination of several approaches, other knowledge on the genotypic relatedness of strains of Ectothiorhodospira was obtained from RFLP data of the rRNA operon (ribotype). Cluster analyses performed on composite profiles showed the existence of groups of related strains that corresponded to the genospecies delineated by DNA-DNA hybridization measurements. This observation partially confirmed the analysis of the 16S rRNA sequences performed by Imhoff & Su$ ling (1996) , that showed the existence of clusters of sequences related at similarities of 98n22 % and higher (E. shaposhnikovii-E. vacuolata cluster) and 97n93 % and higher (E. marina-E. haloalkaliphila cluster). In contrast with the experimental results shown in this study and with published characterization studies discussed below, 16S rRNA sequence analysis performed by Imhoff & Su$ ling (1996) placed strain E. mobilis DSM 237 T in a branch of the phylogenetic tree separated from all other analysed strains of the genus Ectothiorhodospira. In this regard, analysing the same gene but with a different experimental approach, namely the restriction profiles of the amplified 16S rRNA gene (ARDRA) (Ventura et al., 1998) , we obtained strong evidence of a tight similarity between profiles of E. mobilis DSM 237 T and of E. marismortui. High similarities of ARDRA profiles should correspond to high 16S rRNA sequence similarities, but in the case of strains DSM 237 T and EG-1 T this was not true. It seemed to us to be opportune to trust the ARDRA data. These data were in total agreement with all other genotypic and phenotypic data, as discussed below.
The comprehensive comparison of DNA relatedness analysis and ribotype data presented in this study with sequence and ARDRA data, in our opinion, confirms the existence of four genospecies of Ectothiorhodospira. The single genospecies are examined below to verify if they could be differentiated by congruent phenotypic properties, thus allowing the delineation of taxonomically meaningful species.
E. mobilis -E. marismortui -strain EST8
The soundness of this genospecies, already defined by the high-level DNA relatedness shared by E. mobilis DSM 237 T , E. marismortui EG-1 T and strain EST8, was emphasized by ribotype ( Fig. 1) , ARDRA (Ventura et al., 1998) and by total DNA restriction pattern analysis (Ventura et al., 1993) . This genospecies definitely also contains strain DSM 240 that
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S. Ventura and others shared identical ribotype (Fig. 1) and ARDRA profiles (Ventura et al., 1998) with E. mobilis DSM 237 T , and strain DSM 238 that shared an identical ARDRA profile with E. mobilis DSM 237 T (Ventura et al., 1998) . As cited by Thiemann & Imhoff (1996) for many strains of Ectothiorhodospira and Halorhodospira species, members of this genospecies have a GjC content in the range 65-68 mol %, around 5 % higher than that of the other species of Ectothiorhodospira. Members of this genospecies are intermediate saltrequiring strains isolated from different marine or hypersaline environments (Tru$ per, 1968 ; Oren et al., 1989 ; Ventura et al., 1988) . Chemotaxonomic character consistency among strains is remarkably high. Strains E. mobilis DSM 237 T , DSM 238 and DSM 240, and E. marismortui EG-1 T are members of fatty acid cluster V (Thiemann & Imhoff, 1996) ; E. mobilis DSM 237 T , E. marismortui EG-1 T and strain EST8 have the same quinone complement (Ventura et al., 1993) . Strains belonging to this genospecies have corresponding morphological and ultrastructural characters, growth requirements and pigments. Comparing the formal description of E. mobilis (Tru$ per, 1968 ; Imhoff, 1989) to the characterization study of E. marismortui EG-1 T (Oren et al., 1989) , it is evident that this latter strain fits nicely into the description of E. mobilis, with three exceptions : 16S rRNA oligonucleotide catalogue data (Stackebrandt et al., 1984) , polar lipid composition and compatible solutes. Indeed, the 16S rRNA oligonucleotide catalogue of strain EG-1 T had not been compared with the type strain of E. mobilis nor with any other strain of this species, since, as recently demonstrated (Imhoff & Su$ ling, 1996) , strain BN 9903, included in the oligonucleotide catalogue study as representative of the species E. mobilis, does not belong to it. Conversely, the global genomic relatedness of strain EG-1 T to E. mobilis is warranted by DNA-DNA hybridization and also by ribotype and ARDRA. Also, the phenotypic traits claimed to support the separation of strain EG-1 T from E. mobilis cannot be used for this scope, since phospholipids have been studied in the so-called E. mobilis strain BN 9903 (Asselineau & Tru$ per, 1982 ; Imhoff et al., 1982a ; Thiemann & Imhoff, 1991) and no report has been published dealing with compatible solutes of strain DSM 237 T , the type strain of E. mobilis. In consideration of the strong genotypic coherence of the strains of this genospecies and of the prevalence of common phenotypic traits, we propose that this genospecies deserves the rank of taxonomic species. In this respect, strain EG-1 T , previously assigned to E. marismortui as the type strain of the species, is recognized as a strain of E. mobilis, since the name E. mobilis, included in the Approved Lists of Bacterial Names (Skerman et al., 1980) , has priority over the species name E. marismortui subsequently validly published (Oren et al., 1990) . As a consequence of renaming the type strain of the species, the binomial Ectothiorhodospira marismortui should be considered as a junior subjective synonym of Ectothiorhodospira mobilis. A slightly emended description of E. mobilis that reflects the assignment of strains EG-1 and EST8 to this species is given below.
E. shaposhnikovii -E. vacuolata
DNA-DNA hybridization values measured under optimal conditions between strains of E. vacuolata and E. shaposhnikovii DSM 243 T (Table 2) were found to be toward the lower borderline of the suggested relatedness among members of the same species (Wayne et al., 1987) . The taxonomic significance of the DNA reassociation value of 70 % between E. shaposhnikovii DSM 243 T probe DNA and E. vacuolata DSM 2111 T has been approached by hybridization measurements performed under stringent conditions ( Table 2 ). The obtained values delineated a strong genomic relatedness between strains of E. vacuolata and E. shaposhnikovii DSM 243 T that is confirmed, as already discussed, by ribotype, ARDRA (Ventura et al., 1998) and 16S rRNA analysis (Imhoff & Su$ ling, 1996) . By reviewing previously published literature dealing with these anoxyphototrophic bacteria, this group of three strains revealed a remarkable degree of phenotypic consistency. All three strains belong to the same fatty acid cluster (Thiemann & Imhoff, 1996) and have the same quinone content (Imhoff, 1984b ; Ventura et al., 1993) . Lipopolysaccharides of E. shaposhnikovii DSM 243 T and E. vacuolata DSM 2111 T are very similar and, in particular, a high degree of similarity is shown by the fatty acid composition of their lipid A moieties (Meißner et al., 1988 ; Zahr et al., 1992) . In finding that porins of E. shaposhnikovii and E. vacuolata were unusually conserved, Wolf et al. (1996) observed that they were actually more similar to each other than porins isolated from two bacterial strains belonging to the same species, Rhodobacter capsulatus. Other morphological and physiological characters, as summarized by the respective species descriptions given in Bergey's Manual of Systematic Bacteriology (Imhoff, 1989) are nearly identical ; minor differences can only be detected in cell diameter and nitrate assimilation. The only significant difference between E. vacuolata and E. shaposhnikovii is the presence, in some growth conditions, of gas vesicles in E. vacuolata strains DSM 2111 T and B3 (Imhoff et al., 1981) . In our opinion this character alone, like any other character alone, cannot be invoked to justify the separation of three strains that are otherwise very similar. In any case, gas vesicle genes are often located on plasmids and cannot therefore be regarded as stable features as chromosomal genes are. The three examined strains, E. vacuolata DSM 2111 T , B3 and E. shaposhnikovii DSM 243 T , having been recognized as members of a genomic cluster showing strong phenotypic consistency, should therefore be regarded as members of the same species. Strains DSM 2111 and B3, previously assigned to E. vacuolata, are thus proposed to be strains of E. shaposhnikovii, since the name E. shaposhnikovii, included in the Approved Lists of Bacterial Names (Skerman et al., 1980) , has priority over the species name E. vacuolata subse-Species revision of the genus Ectothiorhodospira quently validly published (Imhoff et al., 1982b) . As a consequence of renaming the type strain of the species, the binomial Ectothiorhodospira vacuolata should be considered as a junior subjective synonym of Ectothiorhodospira shaposhnikovii. A slightly emended description of E. shaposhnikovii that reflects the assignment of vacuolated strains to this species is given below.
Other Ectothiorhodospira species
The genetic relatedness between the two genospecies constituted by the two strains E. marina DSM 241 T and E. haloalkaliphila BN 9903 T , measured as DNA reassociation, steadily maintained a value of about 38 % measured under optimal or stringent conditions (Table 2 ). This level of genomic relatedness, higher than among the other Ectothiorhodospira species, is also supported by 16S rRNA sequence similarity (Imhoff & Su$ ling, 1996) and by quinone (Ventura et al., 1993) and fatty acid (Thiemann & Imhoff, 1996) contents. These two species are remarkably related but, at present, no clear cut evidence is available, especially at the genome level, that could induce a reconsideration of their taxonomic status.
Concluding remarks
From the results presented in this paper, the empirical 70 % DNA hybridization value suggested as a borderline for the attribution of strains to the same bacterial species nicely fits the revised species subdivision of the genus Ectothiorhodospira that has been obtained through a combination of genotypic and phenotypic properties (polyphasic taxonomy). Holding its general validity also for this group of anoxygenic phototrophic bacteria, DNA reassociation should be therefore inserted in the list of the minimum standards required for the description of new species presently under preparation by the International Committee on Systematic Bacteriology, Subcommittee on the taxonomy of phototrophic bacteria (International Journal of Systematic Bacteriology, 1999) .
Up to now, species of the genus Ectothiorhodospira have been described on the basis of only one or a few strains. Of course this impairs not only the identification of widespread features acting as signatures of single species but also the establishment of the borderline between infraspecific and interspecific variability that is necessary for a correct taxonomic assessment. In our opinion, the concept of bacterial species includes strains with a limited degree of genetic diversity that is also reflected in some variation in secondary phenotypic traits. These phenotypically very similar strains, that are not clonal, make up the so-called infraspecific biodiversity (Harper & Hawksworth, 1995 ; O'Donnell et al., 1995) , the ultimate source of adaptation of the bacterial species to microhabitats. Their systematic study is the only way to identify key phenotypic traits to be coupled with genetic characterization in the diagnostic description of a species. This should be considered when describing new species. Optimal growth is at 25-40 mC, pH 7-8 and 2-10 % salt. Major quinone components are MK-7 and Q-8. The GjC content of the DNA is 67n3-68n4 mol % (Bd) and 65 mol % (T m ). Type strain is DSM 237 T (l Tru$ per 8112 T ). Other strains include DSM 4180 (l Oren EG-1), EST8. , nitrate and some amino acids are used as nitrogen source. Sulfate is used as sulfur source under photoheterotrophic conditions ; some strains, not using sulfate, use cysteine and methionine instead. Growth factors are not required. Optimal growth is at 30-40 mC, pH 7n5-9n5 and 1-7 % salt. Major quinone components are Q-7 and MK-7 (MK-6). The GjC content of the DNA is 61n4-63n6 (T m ). Type strain is DSM 243 T (l Kondratieva N1 T ). Other strains include DSM 2111 and B3 (both vacuolated).
